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Abstract

The generation of reactive oxygen species H,O, and OH" from pyrite in anaerobic environments plays an important role in
the evolution of early Earth. What remains debatable is the underlying mechanism leading to the OH" generation reactions.
Using a comprehensive approach combining X-ray photoelectron spectroscopy and ab initio calculations, we investigated
binding energies and valence band structures of defective pyrite surfaces in an attempt to interrogate pyrite-mediated H,O
dissociation in the presence and absence of crystal defects. The results show that, while energetically inhibited on perfect crys-
tal faces, H,O dissociation is thermodynamically favored at defective sites. Furthermore, the formation of surface defects can
lead to an energy shift in valence bands and thereby forming two defect states. Simultaneously, interaction between both
defect states and water molecules makes the hydroxylation energetically favored on the pyrite surface. The hydroxylation
occurs through proton transfer from water to a defective S monomer, resulting in an =Fe—O(H)---H—S= structure. These
findings provide new insight into pyrite-assisted OH" formation processes in anaerobic conditions and may be important for
understanding prebiotic chemistry and the evolution of early Earth.
© 2018 Published by Elsevier Ltd.

Keywords: Pyrite surfaces; Hydroxylation; Defects; Valence band; Hydroxy radical; Prebiotic chemistry

1. INTRODUCTION

The formation of reactive oxygen species (ROS), H,O,
and OH-" in particular, in anaerobic environments has been
proposed to be a driving force for the anaerobic photosyn-
thetic transformation process in prebiotic synthesis, and
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hence, may have aided the origin and evolution of life on
Earth (McKay and Hartman, 1991; Awramik, 1992;
Blankenship and Hartman, 1998; Schoonen et al., 2004).
Further, the combination of two OH" can produce H,O,
and subsequently O,, constituting a potential pathway for
the oxygen generation and accumulation on early Earth
(Borda et al., 2001). In both cases, ROS may have played
a critical role in the early history of the Earth.

Despite the biochemical evidence indicating the signifi-
cant role of OH" in the development of prebiotic organisms
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(Blankenship and Hartman, 1998), it remains unclear how
OH' formed through an abiotic approach in anaerobic envi-
ronments. Previously, the formation process was attributed
to photochemical reactions in CO,-dominated atmosphere
(Kasting and Pollack, 1984). However, later work
(Kasting et al., 1989; Borda et al., 2001) suggested that this
photochemical model is not robust enough to generate high
H,O, concentrations. It was then proposed that pyrite sur-
faces mediate H,O, formation could become an acceptable
pathway (Borda et al., 2001) because of the abundance of
sulfide minerals on the surface of early Earth (Tian et al.,
2005). Of all the sulfide minerals tested, studies have since
(Borda et al., 2003; Kwan and Voelker, 2003; Garrido-
Ramirez et al., 2010; Wang et al., 2012) shown that pyrite
is the most efficient in terms of ROS generation through
abiotic approach in anaerobic conditions and hence is ter-
med the pyrite-only Fenton-like reagent (Wang et al.,
2012).

Although it becomes increasingly clear that the species
of OH" can indeed form at the pyrite-water interface in
anaerobic environments (Borda et al., 2001; Cohn et al.,
2004, 2010; Wang et al., 2012; Zhang et al., 2016), the
underlying mechanism is still far from certain. Borda
et al. (2003) proposed that, in O,-free water, OH" is derived
from the oxidation of H,O by the defective Fe sites on the
pyrite surface through:

=Fe(I1I) + HyO ua0) — =Fe(Il) + OH: () + H* (1)

While this pathway is consistent with the observation of
OH- formation during the grinding of sulfide minerals in an
anaerobic environment (Javadi et al., 2013; Javadi and
Hanumantha, 2014), Buckley and Woods (2015) argued
that reaction (1) is unlikely to be thermodynamically feasi-
ble. Ultimately, the reaction mechanisms remain to be
clarified.

The purpose of the present study is to probe the effect of
surface energetics on pyrite-mediated H,O dissociation in
the presence and absence of crystal defects. To achieve
the goal, we performed experimental XPS valence band
spectrum analyses and ab initio simulation to identify the
valence band contributions of defects on pyrite {1 0 0} sur-
faces. Our results showed that Fe and S atoms at defect sites
contribute significantly to the top of the valence band in
comparison to pristine surfaces. Furthermore, we found
that, while energetically inhibited on perfect crystal faces,
H,O dissociation is in fact thermodynamically favored at
defective sites due to the reconfigured surface electronic
structure.

2. MATERIAL AND METHODS
2.1. Experiments

Stock pyrite (from Navajun, La Rioja Province, Spain)
chips with dimensions of 5 x 5 x 2 mm? were cut from a
cubic crystal and ultrasonically cleaned in ethanol for
30 min. Prior to experiments, the chips were chemically
washed (Caban-Acevedo et al., 2014) for 30 s in a mixed
acid solution (48% HF, 70% HNOs3, and >99.99% acetic

acid in a volume ratio of 1:2:1), ultrasonically rinsed in
ethanol, and finally, dried by high purity N, gas.

The pyrite structure and surface orientation were deter-
mined by electron back-scattered diffraction (EBSD), as
shown in Fig. 1. The EBSD pattern and the corresponding
upper hemisphere pole projection figures validate the exam-
ined surface was from {1 0 0} faces. The chemical composi-
tion of the employed sample was characterized by an
electro-probe microanalyzer (EPMA). The results indicated
that the pyrite contains less than 0.5 wt% impurity ele-
ments, including Co, Ni, and Au, as shown in Table 1.
Although the impurities may shift the electronic structure
of natural pyrite (Abraitis et al., 2004), the effect of the
impurity elements was omitted in the present study as we
mainly focus on the valence band change after the forma-
tion of S vacancies. The X-ray photoemission spectra
(XPS) were collected by a Thermo Scientific K-Alpha
instrument (base pressure 10~° mbar, Al Ko source at
1486.8 V). The XPS spectrometer was equipped with an
Ar" ion gun which can preferentially remove lighter ele-
ments over heavier ones (Caban-Acevedo et al., 2014)
through sputtering (S over Fe in the case of pyrite) to pro-
duce defects on the surface. In this study, a mild sputtering
(1000 V Ar" beam at medium current) was performed for
20-180 s on the samples to generate an S-depleted defective
surface. The XPS spectra of pristine and sputtered pyrite
were collected before and 15-min after sputtering.

{111} {100}

Fig. 1. EBSD pattern (a) and the crystallographic orientations
plotted in upper hemisphere pole figures (b) of the natural cubic
pyrite face.
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Table 1
Elemental composition of the single pyrite crystals used in this
study (wt%o).

Fe S
46.394 53.282

Co
0.232

Ni
0.071

Elements Au

0.017

Percentage

2.2. Calculation details

All calculations were performed by the Vienna Ab initio
Simulation Package (VASP) (Kresse and Furthmuller,
1996), which is based on the density functional theory
(DFT), along with the projector augmented wave method
(Kresse and Joubert, 1999). The PBE functions (Perdew
et al., 1996) were utilized for the description of exchange-
correlation interaction among electrons. The electron-ion
interactions were included within a plane wave basis with
an energy cutoff of 350 eV (Zhang et al., 2012) and a con-
vergence of 107° eV. DFT + U, which was verified to be
well suited for the description of pyrite (Zhang et al.,
2012, 2015) and was adopted for the treatment of Fe 3d
orbitals. A lattice constant of 5.423 A and an indirect band
gap of 0.95 eV for the bulk pyrite were obtained using a U-J
parameter of 1.6 eV (Herbert et al., 2013), and they are in
good agreement with published experimental data and pre-
vious calculations (Stevens et al., 1980; Ferrer et al., 1990;
Kleppe and Jephcoat, 2004). Transition states were calcu-
lated by the climbing — nudged elastic band (CI-NEB)
method implemented in VASP (Henkelman et al., 2000;
Henkelman and Jonsson, 2000). The net charge distribution
was treated by the Bader charge-division scheme based on
the electronic charge density (Bader, 1990), which was
emended in code developed by the Henkelman Group
(Henkelman et al., 2006; Sanville et al., 2007; Tang et al.,
2009). Although the Bader charge cannot be directly com-
parable to the chemical oxidation state, such as Fe(II)
and Fe(IIl), the increase and decrease of the Bader charge
can be used to represent the charge transfer between atoms
in the considered models.

The pyrite FeS,{1 00} surface was modeled by a peri-
odic slab of seven FeS; layers (21 atomic layers). Individual
slabs were separated by a sufficient vacuum (~17 A). The
geometry optimization of the defect-free surface was per-
formed on a (1 x 1) unit cell and a Monkhorst-Pack mesh
method (Monkhorst and Pack, 1976) with a 6 x 6 x 1k-

defect-free
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point sampling within the Brillouin zone. A (2 x 2) super-
cell was employed for the geometry optimization of the
defective surface and the electronic structure calculations.
The slabs were constructed with identical surfaces to avoid
artificial electric fields in the vacuum for studies of defective
surfaces. All S atoms in the first FeS, layer were exposed to
the vacuum. Two defective configurations with a surface S
vacancy were considered (Fig. 2). The Sg, Sg, and Sy, rep-
resent the surface dimer S, the bulk dimer S and the surface
defective monomer S, respectively. The Feg, Feg, Feg; and
Fes, represent the surface 5-fold Fe formed from the sur-
face cleavage, the bulk 6-fold Fe, the surface 4-fold Fe
bonded to surface S vacancy and the 5-fold Fe bonded to
the surface S vacancy. In contrast, only one stable configu-
ration (model A, Fig. 2) was observed to be a reasonable
defective model for the pyrite {1 00} surface following
geometry optimization. Both Fe and S atoms in the central
layer were fixed at the corresponding bulk positions during
the geometry optimization, whereas all other atoms were
fully relaxed until forces became smaller than 0.02 eV/A.

3. RESULTS
3.1. Energetics of hydroxylation on defective pyrite {1 0 0}

Compared to an ideal pyrite {1 0 0} surface, water disso-
ciative adsorption is energetically favorable on defective
surfaces (see Table 2). On the defective surface, the calcu-
lated adsorption energies of molecular and dissociative con-
figurations (Fig. 3) are —63.68 and —70.42 kJ/mol,
respectively. The Fe—O and S—H bond lengths are esti-
mated to be 2.10-2.13 and 1.52 A, respectively. From the
most stable configurations, as shown in Fig. 3, we can
observe that water interacts with one and two defective
Fe sites for molecular and dissociative adsorption, respec-
tively. Furthermore, =Fe—OH and =S—H were also
observed in the dissociative configuration.

The minimum energy pathway for the water dissociation
on the defective pyrite {1 00} surface (Fig. 4) shows two
stages what contain a metastable configuration and two
transition states. The activation energies of the two stages
are 23.14 and 1.92 kJ/mol. The meta stable configuration
shows that the water interacts with two defective Fe sites
without dissociation. Therefore, water dissociation on
defective pyrite {1 00} surfaces can be defined as two

defect model B

O'O Q@ Q‘ """ . 3 O'O

#C)O\p'{oo#
#O

ISNQ.

Fes: 85

Seq

‘o

Fig. 2. Relaxed structure of defect-free and two defective pyrite {1 0 0} surface models (rendered by VESTA by Momma and Izumi, 2008).
The light-yellow spheres represent S atoms; the brown spheres represent Fe atoms). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Table 2 .
Comparison of selected properties of an adsorbed water on ideal and defective pyrite {1 0 0} surfaces (bond lengths in A and binding energies
in kJ/mol).
Surface type Adsorption type Binding energy d(Fe—0) d(H—O) d(S—H) Reference
Ideal surface Molecular —54.14 2.12 0.10 - Stirling et al. (2003)
—52.68
—65.69 2.13 - - Sit et al. (2012)
—56.19 2.11 - - Chen et al. (2014)
—60.67 2.15 - - Dos Santos et al. (2016)
Dissociative +81.21 2.01 0.98 1.37 Stirling et al. (2003)
Defective surface Molecular —63.68 2.10 0.98 - This study
Dissociative —70.42 2.12 0.98 1.52 This study
2.13
XPSS2p SB
hv=1487 eV S

Fig. 3. Most stable water molecular (a) and dissociative (b)
configurations, the relevant Fe—O, O—H, and S—H distances in
A on the defective pyrite {1 0 0} surface with an S vacancy.

: \ =Fe, TS,
=Fe-OH,/ \opeOH2 - \
Z e 0026V
OeV OeV \

Fig. 4. Minimum energy pathway for the water dissociation on the
defective pyrite {1 0 0} surface with an S vacancy.

stages: (1) interaction with defective Fe sites and (2) interac-
tion with monomer S site and formation of S—H bond.

3.2. S 2p and Fe 2p spectra of defective pyrite surfaces

On pristine pyrite samples, bulk and surface S 2ps.
bands were identified at the binding energy of 162.70 and
162.10 eV, each having its spin-orbit split 2p;,, with energy
approximately 1.20 eV higher in the S 2p spectra (Fig. 5a).
The 0.6 eV shift between the bulk (Sg) and surface (Sg) S
dimer was consistent with previous measurements by syn-
chrotron XPS (Nesbitt et al., 2000; Andersson et al.,
2004). The peak above the energy level of bulk and surface

180 s

E

L

P

‘n

c |

@

E
20s (b)

core-hole
Clean surface o (a)
I\|\I\I\I‘I\I\l\l\l‘l\l\l\\\l
170 168 166 164 162 160 158

Binding Energy (eV)

Fig. 5. S 2p X-ray photoemission spectra of acid washed clean
pyrite {100} surface and surfaces following various durations of
ion sputtering (20-180 s) (All peaks were fitted by doublets with a
1:0.51 (2p3/2:2p1/2) height ratio and with the same full width at half
maximum (FWHM) in each spectrum).

S 2p3/, bands was attributed to the core-hole effect (Herbert
et al., 2014). No impurities, such as sulfate, were detected in
the spectra, indicating the presence of residual oxidation
product on the acid washed pyrite {1 0 0} surface was neg-
ligible to conventional XPS.

Upon sputtering, a new S 2p3/, feature at binding energy
161.50 eV, i.e., 1.20 eV lower than that of bulk S 2p;/,, was
observed (Fig. 5b, c, d, and e), consistent with what was
reported after Ne'-ion sputtering (Andersson et al., 2004,
2014) and hence signaled the presence of surface S mono-
mers (Sy) (Andersson et al., 2004). As such, the locations
of the lost S atoms become surface vacancies.

The sharp single peak at ~707.2 eV of the Fe 2p spectra
(Fig. 6a) was assigned to the low-spin 2ps, Fe?* bulk state.
The tail on the high-energy side of the Fe 2p;,, spectra was
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Bulk_Fe 2p,
Fe2p,,

I

Surf. —_|

1D\

Intensity (a.u.)

e\
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| N I ‘ § N \ § N ‘ 1 11
740 730 720 710 700
Binding Energy (eV)

Fig. 6. Fe 2p X-ray photoemission spectra of acid washed pyrite
{100} surface and surfaces following various durations of ion
etching (20-180 s, corresponding to (a)—(e), respectively).

assigned to surface state (Nesbitt et al., 1998). Upon sput-
tering, the intensity of the surface tail features increased
along the sputtering time (Fig. 6b, ¢, d, and e).

3.3. XPS valence band spectra of defective pyrite surfaces

Consistent with previous studies (Nesbitt et al., 2003), a
typical valence band spectrum on the pristine pyrite sur-
faces consisted of seven contributions (Fig. 7a). Specifically,
whereas peak “a” is the outmost feature of the valence band
and contained orbital contributions from Fe-S n° (molecu-
lar) and surface Fe 3d, the peaks “b” and “c” arise from the
Fe-S © and Fe-S o molecular orbitals, respectively More-
over, the sets of peaks “d” and “‘¢” as well as “f” and “g”
were derived from the S-S 3p and S-S 3s atomic orbltals
mixing, respectively.

This valence band pattern (Fig. 7b, c, d, and e) under-
went noticeable change upon Ar*-ion sputtering. For
example, while the intensity of peak “a” was significantly
stronger than that of “c” (Fig. 7a) on pristine surfaces,
sputtering decreased the difference and ultimately made
them quite similar (Fig. 7e). In addition, between peaks
“f” and “g”, it appeared that the sputtering effect was more
pronounced on the former.

3.4. Calculated charge distribution on pyrite surface

The computed net charge (Fig. 8) on each atom of fully
relaxed defect-free and defective model A, using the Bader
charge-division scheme (Bader, 1990; Henkelman et al.,
2006) is consistent with literature data (Zhang et al.,
2012). More specifically, for defect-free models, surface
Fe (+0.76 e) lost 0.1 electrons relative to the bulk Fe
(+0.62 e), whereas the surface S (from —0.36 e to —0.37
e) gained approximately 0.05 electrons in comparison to
the bulk counterpart (from —0.29 e to —0.31 e). The charge

)
S

S S

Intensity (a.u.)

20 16 12 8 4 0 -4
Binding Energy (eV)

Fig. 7. XPS valence band spectra of acid washed clean pyrite
{100} surface and surfaces following various durations (20-180 s,
corresponding to a—e) of Ar'-ion bombardment.

defect-free defect model A
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Fig. 8. Bader charge distribution of defect-free and defective pyrite
{100} surface displayed in Fig. 1. Light yellow spheres represent S
atoms; brown spheres represent Fe atoms. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)

distribution pattern in the defective model A was similar to
the defect-free surface, except for the mono S atom where
the charge (—0.72 e) exceeded more than twice of the bulk
S atoms (—0.31 e).

3.5. Density of states (DOS) of defective pyrite surfaces

To further rationalize the XPS observations, DFT + U
calculations were performed to comprehend the DOS for
the defective configurations of pyrite. The projected DOS
(Fig. 9) on atoms with different coordination numbers
shows that the valence band mainly arises from the Fe 3d
orbital and the S 3p orbital contributions. The DOS of sur-
face and defective atoms showed more contribution to the
top of the valence band. In specific, the peak at about
—15eV was absent in the DOS of S monomer while it
was present in that of (bulk and surface) the S dimer.
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Fig. 9. Local density of states (LDOS) of various iron and sulfur atoms in defective pyrite.

4. DISCUSSION

We will discuss our results based on the following out-
line: (1) how the defects affect the energetics of its valence
band and (2) how the energy offsets affect water dissocia-
tion, ie., hydroxylation, on pyrite surface. Therefore, we
primarily examine the defects’ contribution to valence
bands and then discuss the hydroxylation on defective pyr-
ite surfaces relative to the energy offsets in the valence band.

4.1. The consistency between experimental and theoretical
data

The correlation between the experimental valence band
spectra and the calculated DFT + U electronic structure
could be assessed by the weighted density of states (WDOS)
by using the experimental cross-section at the utilized pho-
ton energy (1487 eV), Gaussian smearing (0.25 eV), pub-
lished atomic subshell (Yeh and Lindau, 1985), and a
Shirley-type (Shirley, 1972) background removal. The
results (Fig. 10) show a general agreement between the
computed WDOS and the experimental XPS valence band
spectra, indicating reasonableness of the defect model
adopted in this work for interpreting the valence band spec-
tra of defective pyrite {100} surfaces. The minor differ-
ences in peak shift could be explained by errors in the
DFT + U calculations due to the approximate treatment
employed.

4.2. Charge distribution on defective pyrite {1 0 0} surface

The underlying specific species of the tail features in Fe
2p spectra (Fig. 6) are uncertain (Schaufuss et al., 1998;
Stirling et al., 2007). Nesbitt et al. (1998) assigned surface
Fe™ and Fe?' to this tail based on the hypothesis of a
redox reaction: Fe?'(surf.) + S~ —» Fe*' (surf) + S*7(-
surf.). However, previous ab initio calculations by Stirling
et al.(2007) suggest that only surface Fe bonded to an ada-
tom S could change from the Fe?' to the Fe*' state. The
Bader charge of surface Fe (4+0.76) and S (—0.37) are
slightly larger and smaller than those of bulk Fe (4+0.62)
and S (—0.32), respectively, indicating charge transfer
between the surface Fe and S atoms are of little conse-
quence if there are S vacancies on the surface. However,
the Bader charge of surface S is much higher than that of
the S monomer (—0.72), indicating the oxidation state of
surface S is between -1 and -2 states and the surface Fe is
between +2 and +3 states. Thus, we define these states as
the active surface states. To distinguish our results from
previous viewpoint about the charge of the surface atoms,
we assign the surface Fe atoms to +2.5 states and the sur-
face S to —1.25 states.

Furthermore, the Bader charge analysis indicated that
negligible electron transfer from Fe to S on defective sur-
faces took place, consistent with the conclusion from
Stirling et al. (2007) and Sit et al. (2012), which may be
caused by the employed physical models during first-



H. Xian et al./ Geochimica et Cosmochimica Acta 244 (2019) 163-172 169

Experimental
.............. WDOS

Intensity (a.u.)

L

v b bvre b b b v

25 20 15 10 5 0 -5 -10
Binding Energy (eV)

Experimental
v WDOS

(b)

Intensity (a.u.)

o b b b bvnna b e

25 20 15 10 5 o -5 -10

Binding Energy (eV)

Fig. 10. The weighted density of state for defect-free (a) and defective (b) pyrite {1 0 0} surfaces compared to the experimental XPS valence

band spectra (dotted line).

principles quantum mechanical calculations (Raebiger
et al., 2008). In this regard, we conclude that the defective
Fe atoms possess similar charge with the ideal surface Fe
(+2.5). The Bader charge of monomer S was nearly two
times lower than that of the dimer S, possibly because the
monomer S receives the lost electron to undergo the redox
reaction of S3~ — S*~ (Sy) + S°, suggesting the valence
state of the S monomer has changed from —1 (bulk) to
—2 (defect) with the induced surface vacancies.

4.3. Defect-induced energy offsets in valence band spectra

The intensity, and hence the quantity, of the defective
(monomer S) feature in S 2p spectra (Fig. 5) increased with
sputtering duration and scaled inversely with the content of
other S species, indicating the sputtering durations could
represent the density of surface vacancies.

Once the formation of the S monomer is complete, it
loses its bond to another S, resulting in a single broad S
3s band instead of the S 3s ¢ bonding and o* antibonding
pair in S dimers. This is responsible for the peak intensity
increase (except “‘g”) shown in Fig. 7 and the peak disap-
pearance at approximately —15eV in the DOS spectra
(Fig. 9).

To further analyze the difference of the valence band
spectra before and after generating defect, differential spec-
tra (Fig. 11) of sputtered and the pristine pyrite {1 0 0} sur-
face are employed and show that the intensity of all peaks,
except “‘g”, increased up to a certain degree, suggesting the
affected peaks have embedded contributions from the sur-
face defects. As a special case, peak “a” splits into two com-
ponents (a; and a,) in the differential spectra with only a;
exhibiting a noticeable increase with defect. On the assump-
tion that S is preferentially removed by Ar" during sputter-
ing, this suggests that peak “a;” represents defective
contributions.

The theoretical DOS could explain the change of the
valence band spectra. A noticeable feature at the top of
valence band in the calculated DOS spectra (Fig. 9) was
that the position (0.23 ¢V) of the outermost peak of both
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Fig. 11. Differences of XPS valence band spectra between the
spectra collected following various durations (20-180s) of ion
sputtering and acid washed pyrite {1 0 0} surface.

5- and 4-coordinated surface defective Fe atoms was signif-
icantly closer to the Fermi level (0 eV) in comparison to
that (0.32 eV) of the 5-coordinated defective Fe atoms on
pristine surfaces. This feature is consistent with peak “a;”
in the differential spectra (Fig. 11), suggesting being one
defect state. In conjunction with the sharp emerging peak
at 0.32 eV in the DOS of S monomer, this observation sug-
gests the occurrence of Fe-S interactions at defective sites
upon developing surface S vacancies, and stronger contri-
butions of S monomers (relative to other S dimers) to the
top of the valence band. This feature is consistent with peak
“a,” in the differential spectra (Fig. 11), suggesting as
another defect state. Based on these analyses, we can illus-
trate the energy contribution of various surface and bulk
sites, as shown in Fig. 12.
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Fig. 12. Valence band model of defective pyrite {1 0 0} surface.

4.4. Valence band offset induced hydroxylation

A direct indication of the energy offsets in valence bands
is a promotion of surface reactivity when defects are gener-
ated on pristine pyrite surfaces. As illustrated in Fig. 12, the
energy of the two defect states of pyrite surfaces are higher
than that of the surface state, indicating higher reactivity of
defective sites than perfect surface sites. Because the first
defect state is contributed from defective Fe only, any reac-
tants close to a defective pyrite surface will first interact
with a defective Fe site to lower the energy. Furthermore,
the second state will start to work after the interaction
between the first defect state and reactants is completed
because of its higher energy compared to an intrinsic sur-
face state.

The reactivity promotion by defect states can be directly
applied to interpret the defect-induced hydroxylation on
pyrite surfaces. When one water molecule interacts with a
defective pyrite surface, it first interacts with defect state
1, i.e., adsorption on a defective Fe site. Then the absorbed
water molecule interacts with defect state 2, i.e., binding to
an S monomer. During the first step, the oxygen first inter-
acts with a defective Fe site, as shown in Fig. 3a. In the sec-
ond step, the water simultaneously interacts with defective
Fe sites and S sites. One hydrogen atom of the water moves
toward the S monomer, as shown in Fig. 3b, to lower the
energy, which subsequently leads to the water dissociation.

4.5. Generation of hydroxyl radical from pyrite in anaerobic
environment

Our results provide fundamental support for the pro-
duction of hydroxyl radicals in O,-free water. Although
Borda et al. (2003) provide a reasonable assumption of
the conversion of Fe(III) to Fe(Il) at defect sites, as shown
in reaction (1), it appears impossible to oxidate H,O to OH"
directly by the defective Fe(III) due to lacking of a charge
difference between the defective and pristine surface Fe
atoms in addition to the thermodynamical hindrance
(Buckley and Woods, 2015). Based on water dissociation

at defective sites and charge distribution as discussed above,
we proposed the following pathway to produce hydroxyl
radicals in anoxic conditions:

2[=Fe(+2.5)] + H,O + =S — 2[=Fe(+2.5)] — OH + =SH
2)
2[=Fe(+2.5)] — OH — 2[=Fe(+2)] + OH" (3)

The first step is water dissociation at defective sites; the
second step is the formation of OH® and the reduction of
defective Fe from +2.5 to +2 states.

In the proposed pathway, reaction (2) is controlled by
the concentration of surface defects because of water disso-
ciation only occurs at defective sites. As defects will be
exposed at dissolving surfaces, we deduce that the produc-
tion of OH® from pyrite in O,-free conditions is controlled
by both the defect concentration and dissolution rate.

5. CONCLUDING REMARKS

The development of surface vacancies at S3~ sites of pyr-
ite surfaces leads to energetically favored water dissociation
and the formation of two defect states with higher energy
than ordinary surface states. Both defect states are respon-
sible for the energetically favorable water dissociation, i.e.,
hydroxylation, and ultimately, the generation of OH" on
pyrite surfaces. The energetically favorable water dissocia-
tion is due to the simultaneously interaction with both
defect states. These findings provide insight into the
hydroxylation mechanism and, thereby, the OH" generation
at the pyrite-water interface in anaerobic environments,
which emphasizes the mechanism of hydroxylation on pyr-
ite surfaces. Such a hydroxylation pathway may be a gen-
eral mechanism for those minerals where water
dissociation is energetically unfavorable on their perfect
surfaces.
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